Optimization of concentrator GaAs photovoltaic devices with InAs quantum dots through substrate misorientation and electroplating by Mackos, Chelsea
Rochester Institute of Technology
RIT Scholar Works
Theses Thesis/Dissertation Collections
12-1-2011
Optimization of concentrator GaAs photovoltaic
devices with InAs quantum dots through substrate
misorientation and electroplating
Chelsea Mackos
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Mackos, Chelsea, "Optimization of concentrator GaAs photovoltaic devices with InAs quantum dots through substrate misorientation
and electroplating" (2011). Thesis. Rochester Institute of Technology. Accessed from
Optimization of Concentrator GaAs Photovoltaic Devices 
with InAs Quantum Dots through Substrate Misorientation 
and Electroplating
by
Chelsea R. Mackos
A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of
Master of Science in Material Science and Engineering
Approved by:
 Prof.
 ________________________________________
  K. S. V. Santhanam (Director of MSE) 
 Prof.
 ________________________________________
 Dr. Seth M. Hubbard (Thesis Advisor)
 Prof.
 ________________________________________
 Dr. Sean Rommel (Thesis Committee Member)
 Prof.
 ________________________________________
 Dr. John Andersen (Thesis Committee Member)
Department of Material Science and Engineering
College of Science
Rochester Institute of Technology
Rochester, NY
December 2011
ii
Optimization of Concentrator GaAs Photovoltaic Devices with InAs Quantum Dots 
through Substrate Misorientation and Electroplating
by
Chelsea R. Mackos
I, Chelsea Mackos, hereby grant permission to the Wallace Memorial Library of the 
Rochester Institute of Technology to reproduce this document in whole or in part that 
any reproduction will not be for commercial use or profit.
____________________________
Chelsea Mackos
iii
To my parents, Carol and Roland Plourde and my amazing husband, Nicholos Mackos, 
thanks for giving me the encouragement I needed at just the right times. Without you 
none of this would have been possible.
iv
Acknowledgements
 I would like to acknowledge my advisor, Dr. Seth Hubbard for his  endless  support 
on this work. I also am very grateful for the opportunities he has provided me throughout 
my career at RIT. You have prepared me well to enter the world PV. I would also like to 
acknowledge the NanoPower Research Labs at Rochester Institute of Technology for 
the on going effort to support alternative energy and providing students  with outstanding 
opportunities in these fields. Without NPRL I would not be where I am today. Most of all 
I would like to thank Dr. Ryne Raffelle for giving me the opportunity to work with NPRL. 
You will never know how many students you have affected!
 Thank you to my committee (Dr. John Andersen and Dr. Sean Rommel) for being 
flexible with my schedule. Between working full time and moving across the country this 
thesis would not have been possible without your flexibility and understanding. 
I would also like to thank Mr. Christopher Bailey, Mr. Stephen Polly, and Mr. 
Zachary Bittner for support on this  work and continued friendship. You have made me 
fall in love with solar energy. Fabrication and electrical testing would not have been 
possible without their knowledge and guidance. In addition I would like to acknowledge 
Ms. Yushuai Dai and Mr. Adam Podell for providing me with testing support after I had 
left RIT. I would also like to acknowledge Mrs. Monica Sears and Ms. Heidi Purington for 
there moral support through this process. 
 The fabrication and electrical characterization tests would not be possible without 
the use of equipment in the Photovoltaic Characterization Lab maintained by NPRL and 
RIT’s Semiconductor and Manufacturing Fabrication Laboratory. The outstanding staff in 
vthe Semiconductor and Manufacturing Fabrication Laboratory provides an environment 
for students  to grow and learn. I would like to personally thank Mr. Bruce Tolleson, Mr. 
Scott Blondell, Mr. Rich Battaglia, Mr. John Nash, Mr. Dave Yackoff and Mr. Tom 
Grimsley for their outstanding work in keeping the cleanroom running like a well-oiled 
machine. Financial supported has been by provided by the following organizations: the 
US Government, National Science Foundation (Grant #DMR-0955752), and US 
Department of Energy (Grant #DE-FG36-08GO18012). Growth and characterization 
support provided by NASA Glenn Research Center through Grant #SAA3-844.
vi
Abstract
Optimization of InAs critical coverage is  important to realizing controlled growth in 
quantum dot devices. Substrate misorientation can change the value of critical coverage 
but also creates more uniform quantum dots  in both size and distribution. Uniform 
quantum dots are advantageous in concentrator photovoltaic devices due to increases 
in sub bandgap response. Concentration photovoltaic devices  are designed to compete 
on a cost per watt basis with other terrestrial photovoltaic devices. This benefit can only 
be utilized if the fabrication process is also cost effective. Concentration devices rely on 
dense thick Au grid finger design to reduce series  resistance, which can add to 
processing costs. 
This  work explores GaAs p-i-n photovoltaic devices grown via organometallic 
vapor phase epitaxy with InAs quantum dots using the Stranski-Krastanov growth 
method on substrates misoriented 6° off (100) in the [110] direction and 2°off (100) in 
the [110] direction. Both preliminary test and devices structures were created in order to 
study device performance through external quantum efficiency, and current-voltage 
behavior, as well as material properties through atomic force microcopy and 
photoluminescence. Results  of this work show that 2° [110] sample results in lower 
critical coverage as compared to the 6° [110] (approximately 1.8 ML verses 
approximately 2.1 ML). The 6° [110] substrate also showed a more uniform density and 
size distribution of QDs. In addition, the standard electroplating process was evaluated 
and improved for better metal adhesion and safer lab practices. Metal adhesion was 
improved and safer lab practices were implemented. Finally, concentration devices  were 
fabricated using the new electroplating process and tested up to 600 suns at the NASA 
vii
Glenn Research Center. These results are important to realizing the full benefits of QD 
structures such as increased optical absorption. Results show the baseline devices 
performed to the designed specification while more investigation in needed within the 
QD samples in order to evaluate the cause of increased internal series resistance.
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Chapter 1
Introduction
1.1 Photovoltaic Devices and Materials
Optoelectronic devices  have become increasingly popular across  many 
disciplines [1] [2]. The field of optoelectronics includes technologies such as  lasers, light 
emitting diodes (LEDs), photodetectors and photovoltaic (PV) devices [3] [4] [5]. 
Optoelectronic devices play a large role in the medical field, energy conversion, 
telecommunications and many other fields. Due to the vast number of industries that 
rely on optoelectroic technologies, advances  within the field would be noticed across 
many disciplines. 
All of the above-mentioned applications require the production of more efficient 
and cost effective devices. In order to create highly efficient optoelectronic devices, not 
only are extremely pure materials required [6] but also novel approaches to device 
design. One means to improving device performance is  through the use of quantum 
dots  (QD). QDs applied in laser applications have been shown to improve threshold 
current densities [7] [8]. QDs in photodectors have been shown to enhance incident 
absorption as compared to quantum well devices [9]. Improvements in QD based PV 
devices have shown an increase in photon conversion leading to higher current 
collection [10]. This  work will focuses on GaAs single junction PV devices with 
applications in triple junction concentrator solar cells. 
PV devices directly convert sunlight into energy by the use of the photovoltaic 
effect. Light is made up of packets of energy called photons. This energy is  defined by 
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the frequency of light or energy within the photon. The energy within photons is enough 
that electrons can be excited to higher energy levels. A photon is absorbed into a 
material where electrons are excited. In a photovoltaic device there is a built in potential 
present which will allows excited electrons  to be collected into a circuit before they can 
relax down to a lower energy state. 
The amount of current produced by a solar cell is dependent on the amount of 
light reaching the cell. The efficiency of a solar cells  ability to convert light is  measured 
in its  quantum efficiency (QE). This  is  the probability that an incident photon of energy 
will convert one electron into current. 
All materials have a bandgap associated with them. This  is  the region in which no 
electron states  can exist. In the band diagram in figure 1a, the bandgap refers  to the 
energy difference between the valance and conduction band. When a semiconductor 
(for this  example n-type semiconductor) and a metal come in contact with one another, 
the Fermi levels  must line up (this changes the vacuum levels). In simple terms this 
means that that an exchange of carriers  is  taking place. The electrons in the 
semiconductor must move into the metal leaving a positive change in the semiconductor 
and a negative change in the metal. When no more charge can be exchanged the 
material is in thermal equilibrium. At some set distance from the metal to semiconductor 
interface the potential difference stops varying (this region is  called the space charge 
region, this is where band bending occurs). The space charge region has no carriers 
therefore is also termed the depletion region. 
2
If a photon with the correct amount of energy to excite an electron from the 
valance band to the conduction band enters  the material an electron hole pair is 
created. Figure 2 shows an equivalent circuit model for the solar cell. 
Conduction Band
Valence Band
Fermi Level Band Gap
a.)
Conduction Band
Valence Band
Fermi Level
b.)
Figure 1- a.) Example of a band diagram, b.) band diagram with two materials (metal and 
semiconductor) causing band bending
 
-
+
V
Rs
RshJdark
JSC
Figure 2- Equivalent circuit model for a single junction PV device
The ideal diode equation can be used to model this behavior and can be seen in 
equation 1 where I0 is the saturation current, T is the absolute temperature, k is 
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Boltzmann constant, n is  the ideality factor, IL is the light current, V is the voltage, Rs is 
the series resistance, Rsh is the shunt resistance and q is the magnitude of charge. The 
series resistance and shunt resistance are lumped into one term. This is  because there 
are many causes of series and shunt resistance. It simplifies calculations to create one 
term for each. 
       Equation 1
PV devices have three major metrics associated with their performance. Figure 3 shows 
the location of each on an I-V curve. The IV curve is measured in the fourth quadrant 
and flipped into the first quadrant for ease of analysis. The first metric is  the short circuit 
current (Isc), this is the value of current when the voltage is zero, in other words the 
current generated by the incident light. The next is the open circuit voltage (Voc), this is 
the value of voltage when the current is zero. The relationship between these 
parameters can be derived from equation 2 (assuming RSH>>RS), where variables listed 
above in equation 1 retain the same meanings.
         Equation 2
4
Figure 3- Basic I-V cure and its key features, data is taken from a single junction GaAs PV 
device
The third important metric is the fill factor (FF). This is a measurement of how 
square the I-V curve is. This point is calculated by using the point of maximum power or 
max point (Vmp and Imp). The fill factor can be calculated using equation 3. If a shunt 
path or excess  series resistance is  present within the device this will be reflected in a 
decrease in FF.
           Equation 3
Using these metrics efficiency can be calculated using equation 4 where η is  the 
efficiency, Pin is the total power of light incident on the cell. 
5
          Equation 4
PV devices  have become increasingly popular in both terrestrial and space 
applications [11]. Within space applications, PV performance is driven by power per 
mass [kW/kg] due to the costs associated with space travel [12]. Space PV technologies 
rely on state of the art epitaxially grown materials, which have been shown to produce 
conversion efficiencies for triple junction devices of 29.5% under 1-sun conditions [13]. 
The triple junction device is  a solar cell with three different material solar cells stacked 
on top of one another. This is considered state of the art because of the challenges 
associated with growing the different materials required with such high quality. This 
provides highly efficient solar cells with a wider spectral absorption range as  compared 
to single junction devices. The state of the art mass specific power has been reported to 
be 1.22 kW/kg for a triple junction solar cells at the end of lifetime in geosyncronous 
orbit (GEO) and 1.15 kW/kg after low-earth (LEO) orbit conditions  [14]. Terrestrial 
applications are driven by power per cost [kW/$], traditionally achieved through thin film 
or silicon technologies  [15]. These technologies have significantly lower costs and lower 
efficiencies as  compared to III-V epitaxially grown materials. The higher cost of the III-V 
materials  can be attributed to both the complexity of the epitaxiay process as well as the 
lower earth abundance of many III-V sources. One method to reduce the costs 
associated with III-V PV devices is to create a small, highly efficient cell and concentrate 
sunlight in order to optimize the power output of the material used. 
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1.2 Concentration Photovoltaics
Utilization of highly efficient III-V PV technologies, previously only applied in 
space, could be applied in terrestrial application through the use of concentration [16]. 
Concentration relies on smaller PV cells producing higher power conversion (as 
compared to traditional terrestrial PV devices), thus still following the terrestrial demand 
of power per cost [17]. Concentration relies  on focusing sunlight down to a single, 
smaller PV cell to achieve the same power conversion, this is shown in figure 4. 
B
A
Figure 4- A.) Generation 3 concentration PV module produced by Emcore Corporation, B) 
Emcore Corporation’s light concentration techniques applied to their generation 3 concentration 
module. Taken with permission from [18].
If a traditional PV device is 100 cm2 matching this power output by focusing light 
from a 100 cm2 area down to 1 cm2, will save 99% of material previously required for 
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the same amount of energy conversion [19]. This would lower the costs associated with 
III-V epitaxially grown materials
Concentration applications traditionally use triple junction PV devices. This is 
because the efficiency of the device begins to be dominated by the cost pre watt at high 
concentrations rather than being driven by the cost of materials (like at low 
concentrations). The triple junction solar cell offers the best efficiency of any material 
system available. The triple junction device is made up of three single junction PV 
devices stack vertically in series, as seen in figure 5.
Figure 5- Triple junction PV device schematic
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The materials in the system are chosen by the bandgap (Eg) associated with 
each. A photon with energy greater than that of the bandgap will be absorbed; therefore 
an optimized device design would need materials with bandgaps at different intervals 
within the solar spectrum. A greater range of spectral coverage will allow higher overall 
device efficiency. Commonly used materials for triple junctions are InGaP for the top cell 
(Eg 2.17 eV), GaAs for the middle cell (Eg 1.43 eV), and Ge (Eg 0.67 eV) for the bottom 
cell. These materials are commonly used because they are lattice matched (all have 
same atomic lattice constant). This  allows  for less strain within the device which would 
otherwise degrade device performance. The materials are stacked from largest 
bandgap to smallest bandgap in order to allow longer wavelength light to pass through 
to the proper cell [20]. Due to the nature of stacking PV devices  in series, the lowest 
current producing cell limits the overall cell current. Figure 6 shows the solar spectrum 
under air mass zero (AM0) conditions. AM0 condition refers  to the spectrum without the 
earth’s atmosphere, or the environment in space. The blue portion of the spectrum 
represents wavelength absorbed by the InGaP top cell, the green represents the 
wavelength absorbed by the GaAs middle cell, and the pink represents  the wavelength 
absorbed by the Ge bottom cell. The GaAs device is the current limiting cell (the green 
portion shown in figure 6). It is clear that the GaAs device is current limiting when 
comparing the area under each curve. The GaAs device has the least current 
absorption as compared to both the Ge and InGaP devices.  
9
Figure 6- AM0 solar spectrum with blue representing wavelength absorbed by the InGaP top 
cell, the green represents the wavelength absorbed by the GaAs middle cell, and the pink 
represents the wavelength absorbed by the Ge bottom cell.
1.3 Quantum Dots and Bandgap Engineering
 In order to further improve the GaAs device a technique to include quantum dots 
(QD) within the intrinsic region of a GaAs p-i-n PV device has been developed [21]. This 
will enable a shift in the GaAs middle cell bandgap, which will change the current 
matching in the top and bottom cells allowing the over all current absorption in the cell 
to be increased. The QD material is  chosen to have a lower bandgap than the host 
material thus producing photon conversion at longer wavelengths [22]. This technique 
has been termed bandgap engineering. Figure 7 shows the efficiency of a triple junction 
device if the Ge bottom cell is held constant while the top and middle cells are allowed 
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to float to any bandgap [23]. This is a theoretical calculation that does not consider the 
physical limitations of each materials  bandgaps and lattice constant (lattice matching 
materials). The figure highlights  the current theoretical limits of a lattice matched triple 
junction device with the Ge, GaAs, and InGaP material systems to be 32%.  The figure 
also shows with bandgap engineering, within the GaAs junction, this limit can be 
increased to 47%. QDs could be a means of realizing this increase in efficiency (without 
the introduction of strain). 
Figure 7- Detailed balance modeling showing the theoretical efficiency when the Ge 
bottom cell is held constant.
 In addition, QDs are also a proposed method of realizing an intermediate band 
solar cell (IBSC) through the coupling of QD layers. The absorption of lower energy 
photons from the host valence band to conduction band is assisted by inclusion of the 
intermediate band [24]. The IBSC concept can be seen in figure 8. The intermediate 
11
band allows for photons lower than that of the host material to be collected, thus 
increasing the predicted efficiency of such devices  [25]. Theoretical predictions have 
shown that the IBSC could be as efficient as 63% under maximum concentration of 
sunlight [26]. 
EC
E
I
EIV ECV
EV
µV
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µI
EIC
Figure 8- Theoretical representation of an intermediate band solar cell
However, for both bandgap engineering and IBSC applications, it is  important to 
be able to precisely control the size, shape and density of QDs using growth parameters 
[27]. As will be seen in this thesis, one method is using substrate misorientation. 
1.3.1 Substrate Misorientation
Substrates are the starting material on which the PV device will be epitaxially 
grown. Generally, III-V substrates are created out of an ingot of material grown using 
bulk crystal techniques such as vertical and horizontal Bridgeman. Dicing techniques 
are used to create substrates, or wafers, out of a material ingot. Misorientation is when 
12
a substrate is cut from an ingot at an angle. Misorentation is  referring to the degree off 
from the normal angle of the material ingot. The substrate surface will effect how the 
epitaxial material forms and in turn will affect the PV device performs. 
Misoriented substrates enhance step flow growth (textures added to the 
substrate surface by the termination of atoms), which provides additional control over 
various aspects of growth including material properties such as doping and surface 
roughness [28]. Epitaxially grown films can be created on exactly oriented substrates, 
yet the inclusion of growth steps, found on misoriented substrates, allow for lower 
energy nucleation sites at the step edges and thus enhance the step flow growth. The 
step edges can also be called terraces. This is caused by the Schwoebel potential 
barrier formed at the step edges preventing adatoms to move between terraces [29]. 
This  technique of using the step edges to control epitaxially growth can also be applied 
to the growth of QDs. These sites provide lower energy nucleation sites  for QD 
formation [30]. In addition, the surface energy required for adatom to travel between 
step growths  becomes greater with higher misorientation, thus higher misorientation 
may provide smaller more uniform QDs. Typically in the III-V solar industry, 2° or higher 
misorented substrates are used due to the challenge of growing InGaP on lower 
misoriented substrates. In the laser and LED industry, exactly oriented substrate are 
often used [31]. However, there is no reason why laser applications  could not use a 
higher misoriented substrate. In a QD solar cell a duel advantage of using higher 
misoriented substrate would create easier InGaP growth as  well as control of QD 
nucleation. This could easily be transferred to other industries such as  laser 
applications. 
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1.3.2 QD Characterization
Special techniques are required to study QDs because of their small size. Atomic 
force microscopy (AFM) is used in order to study the size and shape of the QDs. Using 
AFM a high resolution micrograph of the QD surface can be created. The downfall of 
this  techniques is  the QDs must be on the surface of the sample, therefore the sample 
cannot be a full PV device. Test structures must be created with QDs terminating on the 
surface. In order to study QDs within a PV device optical techniques are required. 
Photoluminescence (PL) is a technique used to study QD function within a device. This 
technique is explain in detail below. 
AFM techniques can be used to study QD height, width and distribution [32]. The 
AFM uses a cantilever with a sharp probe mounted at one end. This can be seen in 
figure 9. The probe is  used to scan across the surface of the sample. The probe tip 
diameter is generally of the order of nanometers  (nm) and deflects due to the 
cantilevers material nature. The tip will deflect due to contact forces, van der waals 
forces, capillary forces, chemical bonding, magnetic forces, and electrostatic forces 
depending on the type of AFM and the sample [33]. Reflecting laser light off the 
cantilever and detecting it using a photodiode measure the deflection of the probe. 
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Sensor Laser
Sample
Figure 9- Schematic of an AFM
In addition to AFM, PL techniques were used to characterize QDs. PL uses a 
laser with a higher photon energy than that of the semiconductor bandgap, to excite 
electron hole pairs. When the electrons relax back to a lower energy state a photon, 
with energy proportional to the bandgap or quantum confined level, is emitted. The 
signal is  emitted and spectrally resolved using monochrometer. Figure 10 shows an 
example of a PL curve with GaAs band edge, wetting layer signal and QD signal 
present. Figure 11 shows a schematic of a PL set up. The laser used for this experiment 
was made by Spectra Physics located in Santa Clara CA. The laser model was 177-
G41. It is an Argon Ion operating at 514.5 nm wavelength. 
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Figure 10- Example of a PL curve indicating GaAs band edge (black line), wetting layer signal 
(highlighted in pink) and QD signal (highlighted in orange)
 
Figure 11- Example of a PL setup
1.4 Series Resistance
 Due to the increased current flow in concentration devices, series resistance has 
a dominant role in degradation of cell performance [34]. As the Au thickness increases 
the series  resistance decreases. It has been shown [35, 36] the efficiency and fill factor 
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will also degrade with increasing series resistance. This work showed that series 
resistance could degrade a 1 cm2 cell with 2 Ω series resistance approximately 15% 
under 10x concentrations. One method of lowering series resistance is through 
increasing Au contact thickness. An optimized grid finger thickness has been shown to 
be between 5-6 µm [37, 38]. Figure 12 shows a schematic representation of a PV cell 
with Au contacts designed for traditional PV applications verse concentration 
applications. In concentration devices the optimal width of Au contacts is less than that 
in traditional PV.   This  is  to increase the amount of light entering the cells, the Au height 
or thickness is much greater to account for the increase in current produced in the cell. 
 
Figure 12- Metal design difference between (a) concentration metal design verses (b) traditional 
metal design
Creating metal lines that are thick and dense induces many complications with 
device fabrication. Thicker Au grid fingers require more attention to Au adhesion, more 
sensitivity to Au contact sidewall profiles, and more cost effective means of Au 
deposition. Traditional PV processing techniques for Au contacts include thermal 
evaporation, shown in figure 13. This is a technique that requires  samples to be loaded 
into a vacuum system and pumped down to the ~10 -5 Torr pressure range. A source 
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material is loaded into a conductive boat (in this case our source is Au). A current is 
applied through the boat allowing the source material to heat up and evaporate inside 
the vacuum chamber. The Au material will coat not only the samples in the chamber but 
also the chamber itself; this  is an indirect method of metal deposition since Au is  lost to 
the sidewall of the chamber. 
Figure 13- Thermal evaporation technique traditional used for traditional PV contacts
A proposed alternative method is electroplating. This  method uses a solution with 
Au salts  dissolved. An electrode is  connected to a conductive sample and a second 
electrode is left inside the solution. A current is applied and the Au salts are pulled out of 
solution and onto the conductive surface. The Au salts in the solution plates the Au 
contacts. This method is a direct method of deposition because there is  no Au lost. This 
process is explained in greater detail later in this thesis. Figure 14 shows a schematic of 
an electroplating process. 
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Figure 14- Electroplating processing technique used as an alternative to thermal evaporation
1.5  Organization of this Thesis
This  thesis explores the effect of substrate misorientation on InAs QD growth. 
The theory and motivation behind this work is discussed. Experiments  varying InAs 
monolayer coverage on 2° and 6° misoriented substrates  were explored to find optimal 
processing conditions for QD growth. In addition, equivalent QD growth (the same QD 
size and density) on 2° and 6° substrates were determined. These conditions were 
applied to single junction GaAs PV devices  in order to evaluate if electrical performance 
is  affected by substrate misorentation. Results show single junction GaAs PV devices 
with InAs QD can be created effectively with either substrate misorientation. 
In order to apply QD growth techniques in a concentration PV devices, 
optimization of a concentrator device fabrication process  was explored. Electroplating 
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verses evaporation processes are discussed. Challenges including the removal of the 
electroplated seed layer which caused metal adhesion problems. This etch was 
improved in order to promote metal adhesion. Chemistries  that are easier and safer to 
use are discussed and implemented. An optimized electroplating process was 
developed and employed on 2° and 6° misoriented substrates with InAs QD. Devices 
were tested at the NASA Glenn Research Center on a large area pulse solar simulator. 
Results (of QD samples) showed high series resistance and further investigation with 
techniques not available at RIT will be required in future work. Baseline samples without 
QDs showed efficiencies peaking at the expected values meaning the electroplating 
process was successful. 
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Chapter 2
Quantum Dots on Misoriented Substrates
2.1 Quantum Dot Performance 
As previously mentioned, QDs are grown within the intrinsic region of the PV 
device; this  is shown in figure 15. The QDs are self-assembled using the Stranski-
Krastanov (SK) growth method (explained in detail in a later section) in a quantum-
confined shape such as dots [39]. QD size, shape, and density are dependent on many 
growth parameters. The temperature and pressure during growth can change the size 
and shape of the QDs. The gas flow can also change how the QDs form on the surface 
of the substrate. 
Most PV devices are grown using either molecular bean epitaxy (MBE) or metal-
organic vapor phase epitaxy (MOCVD) techniques are applied. MOCVD is a chemical 
vapor process performed under higher pressure conditions than MBE. The layers are 
created using pyrolysis  (thermochemical decomposition of organic material) [40]. MBE 
is  a growth method is a physical growth method which uses a molecular beam to 
deposit material at lower pressures  (as compared to MOCVD). Typically MBE uses a 
vacuum pressure of 1x10-10 Pa while MOCVD uses a vacuum of pressure of 2-100 kPa 
[41]. 
This  work was completed using Veeco D125 MOCVD reactor. Standard growth 
conditions are explained in detail in the experimental sections of the thesis. 
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Figure 15- Single junction GaAs PV device with QDs in the intrinsic region, the inset can be 
repeated as needed
QDs allow for higher absorption of lower energy (longer wavelength) photons. 
The QDs act as sub-bandgap states. GaAs has a bandgap of 1.42 eV (870 nm), 
meaning any photons above this energy (or below this  wavelength) will not be collected. 
Adding QDs will increase the current collections due to the increased absorption into the 
infrared region. This  is called bandgap engineering which was discussed previously 
chapter 1.
 The inclusion of QDs in the intrinsic region of the device will allow for absorption 
of energies below 1.42 eV (or above 870 nm). Figure 16 shows the theoretical band 
diagram of GaAs p-i-n device with QDs inserted in the intrinsic region. Within a device 
there will be a distribution of QD sizes. The QD size will change the absorption qualities 
of the structure due to the quantum-confined nature of the QDs. The larger the QD size 
the smaller the transition energy. Also shown in figure 16 is the wetting layer transition 
energy present in the device. This will also change with various wetting layer 
thicknesses. 
22
P-type 
Regio
n
Conduction 
Band
Eg
(870 nm or 1.42 
eV for GaAs)
Valence Band
N-
type 
Regio
n
Intrinsic 
Repeats with the 
Wetting layer 
QD transition 
Figure 16- Band diagram of GaAs p-i-n devices with QDs inserted into the intrinsic region. 
Multiple wetting layer and QD energy transition are shown. QD layers can be repeated with as 
many layers as desired.
2.2 Stranski-Krastanov Growth Method and Strain Balancing 
The Stranski-Krastanov (SK) growth method utilizes the strain difference 
between the GaAs (lattice coefficient of 5.56 Å) and InAs (lattice coefficient of 6.06 Å) 
materials  [42]. This strain difference is  approximately 7% [43]. This difference in lattice 
constant causes a strain between the GaAs layer and the InAs layer which causes a 2D 
to 3D growth transition to occur [44]. It is more energetically favorable for the InAs to 
form dots rather than a single layer film. The point in which the 2D to 3D growth 
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transition occurs  is termed the critical thickness [45, 46]. QD material that does not form 
QDs is termed the wetting layer. Figure 17 shows a pictorial representation of this 
process. If not enough InAs is applied, no QDs will form, if too much InAs is applied 
QDs begin to coalesce into larger QDs with lower material quality. 
Figure 17- Pictorial representation of the Stranski-Krastanov (SK) growth method (1) Starting 
with GaAs surface, (2) deposit InAs until 2D to 3D transition occurs (3) Passed the 3D transition 
QDs begin to form
Often it is desired to stack QD layers forming a superlattice. This allows for an 
even larger increase in current collection (absorption). The strain that is required for QD 
formation to occur provides  added stress in the superlattice device, which will cause 
defects  to form. This degrades device performance. In order to minimize strain in the 
QD layers, a strain balance layer made of GaP is added between QD layers, see figure 
18 [47]. This allows for fewer defects to propagate through device structures. 
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Figure 18- Example of strain in a.) superlattice without strain balancing and b.) with strain 
balancing.
Figure 19 shows TEM images of QD devices with and without strain balance 
layers. It has been shown that more uniform QDs have more effective strain balancing 
due to the strain-balancing layer being calculated based on the average QD size [47]. 
Figure 19- TEM images showing a.) superlattice without strain compensation and defects 
propagation with added QD layers and b.) superlattice with strain compensation without defect 
propagation
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2.3 Substrate Misorientation
Previous work to control QD size and location includes substrate patterning or 
selective area epitaxy techniques [48]. This  is a technique that requires growth to occur 
until the point where QDs are desired. The samples are removed from the reactor and 
lithography and wet chemical etching is employed. The samples are then loaded back 
into the reactor and QDs and subsequent PV layers are gown. These methods are 
expensive, add additional processing steps to device fabrication, and often leave the 
surface with an increased number of defects [49]. The increases in defects are 
attributed to removing the sample from the reactor and reintroducing the sample to the 
reactor in the middle of single growth stack. Control of QD size and density with 
substrate orientation has been proposed as an alternative to these methods [50]. This 
process could be implemented without large changes to processing complexity or cost 
[51].
Substrate misorientation refers to the angle in which an ingot of material is cut. 
Cutting the ingot off from the normal will change the atoms terminating on the substrate 
surface. Increasing the misorientation angle will change the distances between atom 
termination thus changing the surface morphology of the substrate. This repeating 
pattern of atoms terminating and surface morphology is referred to as the terrace 
network or step heights. Equation 5 shows the relationship between terrance width and 
substrate misorientation. Where L is the width between terraces, a is the lattice constant 
and θ is  the degree of misorientation. Using this equation a 2° sample has terrace 
widths of 161.88 Å, while a 6° degree sample has terrace widths of 53.78 Å. 
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         Equation 5 
Figure 20 shows how terraces network changes with substrate misorentation. 
Figure 21 shows how one repeat unit across the substrate surface might appear.
Figure 20- Example of terraces formed with various angles of offcut.
Figure 21- One repeat unit of a terrace or step growth on a substrate surface Taken with 
permission from [46]
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GaAs is a zincblende crystal structure. The zincblende crystal has various planes 
associated with its  growth direction. In addition to the angle in which a substrate is  cut, 
the direction of the cut is also important. Figure 22 shows a GaAs wafer with a (001) 
surface and the various crystal plane directions available for misorientation. 
Figure 22- Miller indices showing crystal plans and direction of crystal cut.
An important factor to consider within SK QD growth is  the point in which InAs 
coverage switches from 2D to 3D growth, this was mentioned previously and is  termed 
the critical thickness. QDs density will be zero until critical coverage is reached at which 
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point a logarithmic trend in QD size will occur. Understanding when the onset of critical 
coverage (θc) and how it is related to surface preparation is  important to optimization of 
QD growth. A general model for QD size in an molecular beam epitaxy (MBE) system 
was proposed by Leonard et al. [46] and can be seen in equation 6 below, where ρd is 
the area density of QDs, ρ0 is the normalized saturation density, α is a fitting parameter, 
θ is the equivalent thickness of InAs in monolayers (ML). 
        Equation 6
This  equation can be compared to experimental data and critical coverage can 
be extracted. Below the critical coverage, the QD density is zero. The value of critical 
coverage is  a growth system and strain based value and varies with different material 
systems, growth temperature, growth rate interrupt time, and substrate misorientation 
[43]. Understanding this parameter is critical for each growth system and substrate 
orientation. Typical critical coverage values  for a MBE system have been recorded 
between 1.25 ML to 1.65 ML [52] while there have been relatively little published studies 
on critical coverage in organometallic vapor phase epitaxy (OMVPE) growth. This work 
will focus on growth in an OMVPE system using misoriented substrates. 
2.4 Substrate Misorientation Experimental Conditions
Test structures were grown in a Veeco 3x2 metal organic vapor-phase epitaxy 
(OMVPE) reactor at NASA Glenn Research Center. The samples used GaAs substrates 
cut 2° and 6° off the (100) direction towards [110]. These are referred to as 2°[110] and 
6°[110], respectively and were created for AFM and PL testing. A superlattice was 
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created with 10 repeating layers of InAs QDs, GaP strain compensation, and a GaAs 
spacer. The final QD layer was left uncapped for material analysis; an example of this 
can be seen in figure 23 (this example shows only 2 layers of QDs where in the 
experiment 10 layers were employed). InAs coverage was varied between 1.0 ML and 
2.1 ML for each 2°[110] and 6°[110] sample. This was completed in order to evaluate 
where the onset of critical thickness occurs. The details of InAs QD growth were 
optimized in S. M. Hubbard  et al [53]. InAs was grown at 500 C and standard III-V 
precursor gases were used including trimethelygallium, trimethelindium and arsine. A 
GaP strain balancing layer of 4.2 ML was applied as previously determined by Bailey et 
al [47]. 
Figure 23- Test structures created with QD layers left uncapped, this example shows 2 layers of 
QDs, structures were created to study QD properties. 
2.5 Material Results
AFM data was taken using a Veeco Dimension 3100 in tapping mode. 
Measurements were taken using 1x1 µm scans with 512x512 resolution. The tip was an 
OTESPA model made by Veeco with a tip diameter of 5 nm. Each pixel in the image is 
approximately 1.9 nm. Photolumluminescence (PL) was completed using a JY Horiba 
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iHR300 spectrometer and the 514 nm line of an Ar ion laser. The power density applied 
for these measurements was 37 W/cm2 (laser spot size of 4.67 mm2 with a laser power 
of 100 mW).
AFM results displayed in figure 24 show the ML coverage values in both 6° and 
2° from 1.00 ML to 2.10 ML. It is clear that the formation of QD occurs with thicker ML 
coverage in the 6° samples. Few QDs are present in the 1.80 ML sample (24e), 
indicating the critical thickness has not yet been reached. In the 1.96 ML and 2.10 ML 
case, seen in figure 24g and 24i respectively, it is clear that QD are present (critical 
thickness has  been reached) and the optimal ML coverage is at or higher than this ML 
coverage value. In comparison, the 2° case, QD formation begins  to occur at 1.68 ML 
coverage. This  is  0.42 ML less than in the 6° case. Also, in the 2° case QDs have begun 
to coalesce (this is  called Ostwald ripening [54]) at a ML coverage of 1.96 ML where in 
the 6° case Ostwald ripening has not begun to occur even in the 2.10 ML case. Ostwald 
ripening is  a thermodynamically driven process that occurs when larger particles are 
more energetically favorable than smaller particles. This causes small particles (in this 
case small QDs) to coalesce into larger particles [55]. These conclusions are also 
supported in the PL results shown in figures 25 and 26 and will be discussed 
subsequently. 
Table 1 shows density, height, and diameter data taken from AFM data and 
analyzed using Scanning Probe Image Processor (SPIP) software. Each sample was 
measured using 1x1 µm scans at the center point of the wafer. For samples with no 
visible QDs a second scan of 5x5 µm was completed and also yielded a zero density of 
QDs. This  set the detectable threshold density to 4x106 cm-2. The lack of visible QDs in 
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both the 2° and 6° cases below 1.68 ML indicates that θc has not been reached for this 
substrate orientation. However a thin 2D InAs is still present as  seen in a PL response 
from the wetting layer (figure 25 and 26). 
Figure 24- AFM images measured on (A) 6° 1.00 ML InAs, (B) 2° with 1.00 ML InAs, (C) 6° 1.68 
ML InAs and (D) 2° 1.68 ML InAs, (E) 6° 1.80 ML InAs, (F) 2° with 1.80 ML InAs, (G) 6° 1.96 ML 
InAs and (H) 2° 1.96 ML InAs, (I) 6° 2.10 ML InAs and (J) 2° 2.10 ML InAs
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Statistical analysis shows that in both 2° and 6° cases the 2.10 ML samples have 
the highest QD densities. Yet in the 2° sample QDs have begun to coalesce. The 
statistical analysis information also shows that the 6° 2.10 ML sample has  smaller more 
dense QDs as compared to the 2° sample (15.8 nm verses 16.7 nm average diameter, 
2.2 nm verses 2.5 nm heights). 
AFM results indicate optimal process condition for 2° substrate is 1.80 ML while 
the 6° substrates require 2.10 ML. This  was chosen to be the optimal conditions 
because with more uniform QDs the strain compensation becomes easier to 
accomplish. This also makes  realizing the IBSC more accomplishable. The removal of 
coalesces dots, which usually have a short radiative lifetime, will eliminate subsequent 
defects.
Selection of an equivalent 2° and 6° sample was completed by choosing the 
growth condition where the highest density of QD were observed before the onset of 
Ostwald ripening. For these purposes  the 6° 2.10 ML and the 2° 1.80 ML cases were 
compared. Figure 24i shows the 6° 2.10 ML sample (QD density of 5.09x1010 cm-2). 
Comparing these results to the 2° 1.80ML samples, figure 24f (QD density of 1.17x1010 
cm-2) in the 6° sample the QDs are slightly smaller (2.2 nm height) and slightly more 
dense. However, in both cases the QD heights were similar (2.2 nm and 2.5 nm). These 
AFM results indicate that in the 2° case the optimal ML coverage is  reached at or before 
the 1.80 ML, while in the 6° case the optimal ML coverage is reached at or above 2.10 
ML. These optimal thicknesses are different due to the large difference in the onset of 
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critical thickness. Understanding this difference is  important to optimization of QD 
growths.
It is widely reported that changing misorientation will change the terrace network 
present on the GaAs surface [56, 57]. The terrace network is the surface morphology 
caused by the atoms terminating on the substrate surface. The smaller more dense 
QDs seen in the 2.10 ML 6° sample (figure 24i) may be caused by the terrace network 
acting as a patterning system [58]. Exactly oriented substrates will have small terrace 
density as compared to misorientated substrates. The higher density of terraces in the 
6° samples provides a larger number of lower energy nucleation sites for QD formation. 
Smaller QD densities seen in the 2° 2.10 ML sample may be attributed to saturation of 
QD formation sites, causing larger coalesced QDs. This is not observed in the 6° 2.10 
ML sample.
Coverage 
(ML)
Density                 
(cm2+/- 5x109)
Average Diameter      (nm
+/-2)
Height                         (nm
+/-1)
2° 6° 2° 6° 2° 6°
1.00 <4.00x106 <4.00x106 NA NA NA NA
1.68 3.70x109 <4.00x106 19.1 NA 1.5 NA
1.80 1.17x1010 <4.00x106 16.2 NA 2.1 NA
1.96 2.74x1010 1.70x109 11.6 22.4 2.4 2.8
2.10 4.03x1010 5.09x1010 13.4 15.5 2.5 2.2
Table 1- AFM Statistical Analysis Results
  PL is another technique which can be used to gather information regarding QD 
size, distribution, and primary QD formation. Peak locations give insight into height 
while full width at half maximum (FWHM) gives information regarding QD size 
distribution. Figure 25 shows the 2° samples  while figure 26 shows the 6° samples with 
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ML coverage ranging from 1.00 ML to 2.10 ML. Figure 25 shows no QD signal in the 
1.00 ML and 1.68 ML samples, yet both have a bulk GaAs and wetting layer signal. This 
matches the results shown in figure 24b and 24d in that no QD were present in AFM 
testing. In the 1.80 ML, 1.96 ML and 2.10 ML cases a QD signal is  observed. The 1.80 
ML case the QD signal is  present at ~1060 nm or ~1170 meV, in the 1.96 ML case the 
QD signal is shifted to ~1115 nm or ~1112 meV, and finally in the 2.10 ML case the peak 
is  shifted again to ~1148 nm or ~1080 meV. The signal has a red shift of 88 nm or 90 
meV from 1.80 ML to 2.10 ML. This  shift in peak values  is  indicating the height of the 
QDs is increasing for each sample with additional ML coverage, as expected. This again 
matches the results obtained in AFM measurements. In addition, the wetting layer signal 
is  reduced as the QD signal increases. This  is caused by carriers captured into lower 
energy QD ground states and the subsequent radiative carrier recombination from these 
states. The FWHM of the QD peak at 1.80 ML and 1.96 ML is ~84 nm which indicates 
consistent QD size distributions between the 2 samples. The 2.10 ML sample appears 
to have a FWHM of ~100 nm. This increase in FWHM can be attributed to the Ostwald 
ripening occurring at this ML coverage. 
Figure 26 shows the 6° samples which indicate no QD response until 1.96 ML 
sample. This could be a signal present from the small density of QD observed in AFM in 
figure 24g. Increasing the ML coverage to 2.10 ML shows a strong QD signal at 1050 
nm or ~1181 meV. The FWHM of this QD signal is ~162 nm. In comparison between 6° 
2.1 ML sample with QD energy of ~1181 meV and the 2° 2.1 ML with QD energy of 992 
meV it is clear that the 6° sample has smaller QDs. 
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Figure 25- 2° samples with 1.00 ML to 2.10 ML coverage testing using PL
Figure 26- 6° samples with 1.00 ML to 1.96 ML coverage testing using PL
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QD density verse ML coverage can be seen in figure 27. From figure 27 it is  clear 
that the onset of QD growth occurs  faster in the 6° case. Between 1.96 ML and 2.10 ML 
the QD density increases even more than between 1.69 ML and 2.10 ML in the 2° case. 
This  shows that the process window for QD growth is much smaller in the 6° case. 
Using these results  critical thickness as  well as optimal operating condition can be 
determined. The optimal operating condition is  determined to be a value above the 
critical thickness yet before the onset of Ostwald ripening. These values, determined 
from AFM, can be seen in table 2. 
 
Figure 27- Density of QD with varying critical thickness on 2° and 6° substrates
Table 2- Values extracted from experimental results
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Misorientation Critical Thickness Optimal Operating Condition
2° 1.6 1.8
6° 1.8 2.1
The fit included on figure 27 was applied using equation 6 shown previously.  The 
extracted parameters can be seen in table 3. Comparing the critical thickness in table 2 
and table 3 it is clear that the experimental data and theoretical fit agree. 
Term 2° 6°
ρ0 2.00x1011 4.00x1011
θc 1.56 1.93
α 1.80 1.30
Table 3- Extracted values using equation 6
2.6 Material Growth and Fabrication
 Using the optimal operating conditions show in table 2 (2° off the (110) with 1.8 
ML of InAs and 6° off the (110) with 2.1 ML of InAs), single junction GaAs PV devices 
were grown at NASA Glenn Research Center and fabricated at RIT.  These conditions 
were selected to evaluate whether equivalent QD conditions grown on different 
substrate misorientation will effect overall device performance. Devices were grown 
using the structure shown previously in figure 15. 10 layers of QDs were included in the 
intrinsic region of the device. InAs growth occurred at 500 C. The same strain balancing 
and growth optimizations previously cited in the substrate misorentation section were 
applied [47]. 
 Fabrication techniques discused in chapter 3 (evaporation process) were 
employed. An assortment of device sizes were created ranging from 0.25 cm2 to 1 cm2. 
Grid fingers  were approximately 1 µm with grid finger shadowing 4% (optimized for 1 
sun conditions). No anti-reflective coatings were applied. Figure 35 shows the mask set 
used for these experiments (this is shown in chapter 3). 
38
 Devices were tested using a two zone solar simulator created by TS Space 
Systems under AM0 illumination (shown previously in figure 6). The details of the 
systems are explained in greater detail later in this thesis. The samples were measured 
sourcing a voltage between -1.5 V to 1.5 V and measuring the current response with an 
Agilent B1500 Semiconductor Device Analyzer. Four probes were applied with two 
probes sourcing current and two probes sensing the voltage response. The samples 
were held at 25 C using a water cooled chuck. The solar simulator was calibrated using 
an GaAs and InGaP PV cells  measured at NASA Glenn Research Center under AM0 
conditions.
 2.7 Device Results
Device results are presented in figure 28. Figure 28 shows the AM0 1-sun light IV 
response of the 2° 1.80 ML case and the 6° 2.10 ML case. These samples were chosen 
for comparison because they are representative of the maximum thickness before the 
on set of Ostwald ripening. Baseline results show a standard GaAs cell with no QDs 
grown on a 2° substrate. It is clear that the QD devices (both 2° and 6°) show 
enhancement in current. The 6° sample displays the most current gain with a Jsc of 24.5 
mA/cm2 while the 2° sample had a Jsc of 23.18 mA/cm2. This is  an improvement in the 
6° sample over the baseline of 1.3 mA/cm2.  These results can be compared to the QD 
densities shown in table 1. The highest QD density produced the highest Jsc. The overall 
efficiencies of these cells  have been calculated as 12.6% for the 2°, 13.7% for the 6° 
and the baseline was 14.5%. Table 4 shows a summary of device results. 
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Figure 28- I-V Results for equivalent QD growths
Device Isc (mA/cm2) Voc (V) Efficiency (%) FF (%)
Baseline 22.77 1.06 14.54 81.89
2° 1.80ML 23.18 1.00 12.63 74.00
6° 2.10ML 24.50 0.95 13.71 80.31
Table 4- Device performance results for various substrate orientations under 1-sun AM0 
conditions
Finally the spectral responsivity is  shown in figure 29. It is clear that in the sub-
bandgap region, the QD devices are performing equivalently. Wavelengths  above the 
GaAs band edge (~870 nm) show enhanced current collection, which can be seen in 
the inlay in figure 29. This is  attributed to the QD structures enhancing optical 
absorption. The 2° 2.10 ML sample shows similar QD response as compared to the 6° 
2.10 ML response. The is  due to the similar density of QD present. Overall integrated Isc 
can be seen in table 5 along with the short circuit current measured during I-V testing. 
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The current is  increased in the sub-bandgap response by 0.02 mA/cm2 per QD layer in 
the 2° case and the 6° case. These results are displayed in table 5. Also shown in table 
5 is the value of Isc from both the I-V curve and an intergraded response calculated from 
the external quantum efficiency (EQE) data, these values differ slightly due to spectral 
mismatch.
Figure 29- SR results for optimal critical growth conditions
Device Jsc (mA/cm2) Integrated Jsc (mA/
cm2)
Sub-bandgap 
Integrated Jsc (mA/
cm2)
Baseline 22.77 23.67 0.08
2° 1.80ML 23.18 23.95 0.27
6° 2.10ML 24.50 24.10 0.32
Table 5- Short circuit current density and integrated short circuit current density
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2.8 Conclusions
The current work has shown that the critical thickness within a system will 
change with substrate misorentation. The terrace network on misorented substrate can 
provide lower energy nucleation sites causing the critical thickness to change (1.68 ML 
in the 2° substrate and 1.80 ML in the 6° substrate). Experimentally determining the 
critical thickness with each substrate misorientation can be advantageous in increasing 
device performance and further enhances current collection in the inferred region. The 
2° or 6° substrates can be used as long as the differences  in critical thickness during 
growth are taken into account.
AFM and PL results show the on-set of QD formation occurs later in a 6° miscut 
substrate. The on set of critical thickness occurs at 1.68 ML in the 2° sample and at 1.80 
ML in the 6° sample. Using this information an optimal processing condition was 
determined by finding an InAs thickness  after the critical thickness had been reached 
but before the on set of Ostwald ripening. The optimal process condition for 2° substrate 
was determined to be 1.80 ML while the 6° substrates requires 2.10 ML. 
Single Junction GaAs solar cells were fabricated on both 2° and 6° substrates. 
These results show that both QD devices (both 2° and 6°) show enhancement in 
current. The 6° sample displays the most current gain with an Isc of 24.5 mA/cm2 while 
the 2° sample had an Isc of 23.18 mA/cm2. This is an improvement in the 6° sample over 
the baseline of 1.3 mA/cm2. The overall efficiencies of these cells  have been calculated 
as 12.6% for the 2°, 13.7% for the 6° and the baseline was 14.5%. SR data shows 
enhancement in the sub-bandgap response. The current is increased in the sub-
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bandgap response by 0.02 mA/cm2 per QD layer in the 2° case and a 0.02 mA/cm2 in 
the 6° case.
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 Chapter 3
Electroplating and Metal Adhesion
 3.1 Series Resistance in Concentrator Photovoltaic Devices
As mentioned previous, due to an increase in current flow under concentration 
conditions, series resistance becomes a primary means  for PV degradation. It has 
previously been shown that series resistance will produce degraded fill factors and 
efficiency when increased concentration is applied [59]. This known degradation needs 
to be taken into account when concentration devices are designed. An increase in 
lateral current spreading in the p-type GaAs emitter can be addressed by creating a 
denser Au grid [60]. Figure 30 shows the three locations where series resistance 
produces the most degradation. Location 1 indicates the resistance within the emitter of 
the device, location 2 shows the location between the contact and the metal, and 
location 3 is within the metal. Also, it should be noted that location 1 has spreading 
resistance which originates between the bus bar and semiconductor. 
 
Figure 30- Current flow in a PV device where locations 1,2 and 3 show critical points in 
reducing the series resistance. 
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Typically Au is the primary metal used for these devices, due to its low resistivity 
(2.8x10-8 Ω-m). Increasing the Au thickness can significantly increase the fabrication 
costs. Typical metal fabrication will include Au evaporation, which is an indirect 
deposition method. A more direct method, such as electroplating, would be a more 
desirable choice. See experimental section for more processing details. The three most 
critical variables  in the electroplating system are temperature, PH and current density. 
When these variables  are changed slightly the Au quality can be decrease significantly. 
The benefits of electroplating are obvious when comparing Au usage, evaporation of a 2 
inch wafer with 1 cm2 cells  would take approximately 36 mg of Au in the thermal 
evaporator used for these experiments, while the same sample using an electroplating 
method would use only 0.15 mg of Au. In addition to complexity with Au deposition costs 
increasing the Au thickness requires greater attention to metal adhesion, sidewall 
profiles and a more cost effective means to metal deposition.
 3.2 Introduction to Metal Adhesion
Metal adhesion is  critical to device performance. Without adequate metal 
adhesion, during subsequent wet etch steps, the metal could easily delaminate. Without 
metal contacts, the device cannot function. Metal adhesion is  basic to device fabrication 
but is also important to achieving more advanced fabrication techniques. This becomes 
critical with an electroplating process  (as  compared to the thermal evaporation process), 
due to the need of having two etches that removes material between the grid fingers 
(contact layer etch and seed layer etch). Traditional evaporation process have only one 
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process step that requires etching between the grid fingers during the contact etch 
process. These steps will be discussed in greater detail later in this chapter.  
In order to better understand why metal may or may not adhere to the substrate 
surface, it is important to understand how metal is  adhered. There are two types of 
metal adhesion, physisorbed and chemisorbed. Both physisorbed and chemisorbed 
adhesion are present within a fabrication process. Physisorbed is a low adhesion 
mechanism where the electron shells of absorbed atoms remain intact and adatoms are 
held by Van De Waals forces, this  adhesion is  generally around 0.4 eV or less between 
the two materials. The second type of adsorption is  chemisorbed, the type of adsorption 
occurs when an intermediate layer formation allows continuous transition from one 
lattice site to others  resulting in adhesion greater than 0.4 eV. Few experimental 
methods to test adhesion have been developed, the main qualitative method is  the tape 
test. This is a pass or fail test where a piece of tape is  applied to the metal film. The 
tape is  removed and if metal stays adhered to the surface of the wafer the sample 
passes the tape test. If the metal is removed with the tape the sample fails the tape test.
In order to promote metal adhesion, an adhesion layer can be used for films that 
have a strong oxide-forming element between the oxide substrate and metallization 
layers. This  is true for Au films. This layer can also reduce film stress. Typical adhesion 
layers for Au films are Ti and Cr. 
Other factors  affecting film  adhesion are substrate cleanliness  and surface 
roughness. If a substrate is  not clean, film adhesion will be reduced. Substrate 
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roughness has also been used to promote adhesion. Roughing the surface allows for 
more area for films to adhere, thus adhesion is improved.
 Within this  work metal adhesion problems were observed on small features in 
the electroplating process. The cause of the problems was investigated in this work. 
Figure 31 shows an example of a sample exhibiting metal adhesion problems.
Figure 31- Nomarski images of metal adhesion problems observed with the electroplating 
process observed after seed layer etch
3.3 Photovoltaic Device Fabrication 
 Photovoltaic device fabrication includes techniques to create metal contacts, 
isolate the devices from one another (mesa isolation) as well as remove layers  only 
needed between metal and semiconductor layers (contact layers).  
 A critical factor in device fabrication is creating the metal contacts. This is  
because of the expense associated with metal deposition. The fabrication process will 
vary depending on the type of device desired (thick metal grid verses thin metal grid). 
For the proposes of this  thesis electroplating verses evaporation will be discussed. An 
evaporation process is typically used for devices that do not require thick metal grids 
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(devices operating at 1-sun). This is  due to the cost associated with the indirect method 
of evaporating metal (this was discussed in greater detail in chapter 1 with figures 13 
and 14). Electroplating is  typically used for devices that require thicker metal grids 
(devices operating at concentration). This is because the electroplating is  less 
expensive due to the direct method of metal deposition (there is  less wasted metal with 
a direct metal deposition process). 
3.3.1 Evaporation Process
 A well-known evaporation process has been applied in past experiments. Figure 
32 show the evaporation process, which will be outlined in this section. 
Figure 32- Evaporation fabrication process
Samples are initially cleaned in acetone and isopropyl alcohol, 2 minutes in each 
chemistry, this is shown in figure 32a. Next a lift off resist (LOR) is  applied using the spin 
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coating recipe shown in tale 6 followed by a 180 C bake for 6 minutes. LOR is not a 
photosensitive resist. It is applied in order to allow metal deposited later in the process 
to lift off. Next an application of Shipley 1813 positive tone photoresist is  applied 
followed by a 1 minute bake at 115 C. This is represented in figure 28b. Contact 
photolithography techniques are employed using a Karl Suss MJB55 Mask Aligner. An 
exposure time of 12.5 seconds  at 10 mW was used, this  is represented in figure 32c. A 
2 minute development time in Microchem CD-26 was used as  represented in figure 32d. 
The lithography technique intentionally leaves an angled sidewall profile in order to 
allow solvent to dissolve the photoresist in later steps. 
Step Rotation per Minute Time (Seconds) Ramp Rate (Seconds)
1 500 10 3
2 3000 40 3
3 5000 5 3
Table 6- Photoresist spin coat process
 Next an oxide etch is completed to remove any native oxide and promote metal 
adhesion. This  is completed using a 10:1 (H20:HCL) chemistry. Front side metal is 
applied in a Lesker PVD75 thermal evaporator. The front side metal stack includes 200 
Å Au, 200 Å Zn, and 10000 Å of Au, this is  represented in figure 32e. The Zn is used as 
a dopant to ensure good ohmic contacts [61]. It should be noted that this  is used for p-
on-n type devices (devices used in this work are p-on-n). If n-on-p devices are used the 
metal contacts would require Ge-Au-Ni-Au contacts. The dopant required in the metal 
stack is chosen to make an ohmic contact between the metal and the semiconductor. 
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 The wafers are then submerged in Remover PG (made by MicroChem 
Corporation in Newton MA) to lift off the Au in unwanted areas. This is possible due to 
the gaps left in the photoresist, shown in figure 32e. The final metal lines after lift off are 
shown in figure 32d. 
A third lithography level was applied using a mask to isolate the active device 
areas. Shipley 1827 photoresist was applied with the recipe seen in table 6. An 
exposure of 10 mW for 18 seconds was applied. A 2 minute development time in 
Microchem CD-26 was used. A representation of this is shown is figure 33. 
Figure 33- Mesa isolation lithography
A mesa isolation was applied via wet chemical etching. GaAs and QD layers 
were removed using a 3:4:1 (H3PO4:H2O2:H2O) chemistry. InGaP layers were removed 
using 100% HCL, figure 34a. Photoresist was removed in acetone and isopropyl 
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alcohol, 2 minutes in each bath to expose the contact layer between grid fingers (figure 
34b and 34c). This was removed using a 2:1:50 (NH4OH:H2O2:H2O) chemistry.
Figure 34- Mesa isolation and contact etch
Ge 200 Å, Au 500 Å, Ni 350 Å, and Au 10000 Å backside ohmic contacts  were 
applied in a Lesker PVD75 thermal evaporator. The Ge and first layer of Au is used to 
make an ohmic contact with the GaAs contact layer. The Ni is used as a blocking layer 
to prevent the Ge from diffusing into the Au layer above. This forces the Ge to diffuse 
into the GaAs during annealing. The final Au layer is applied to reduce overall metal 
resistance based on the current produced from the device.
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Finally a backside and front side anneal was performed at 410 C in a tube 
furnace. The anneal recipe used a soak at the rim of the tube for 50 seconds, push into 
the center of the tube for 10 seconds, soak in the tube for 4 minutes, pull out of the tube 
for 10 seconds and rim soak for 50 seconds. This is used to drive dopants in the front 
side and backside metal into the front side and backside interfaces. This ensures ohmic 
contacts are created.  
3.3.2 Electroplating Process
An assortment of device sizes (0.25 cm2-1 cm2) were fabricated for 1-sun and 
high concentration conditions as can be seen in figure 35. 
Figure 35- Example of a finished wafer with mask design used for 1-sun PV devices
 Figure 36 shows the electroplating process at each step which will be explained 
in detail within this  section. Samples  are initially cleaned in acetone and isopropyl 
alcohol, 2 minutes in each chemistry, represented in figure 36a. Next an oxide etch is 
completed to remove any native oxide and promote metal adhesion. This  is completed 
using a 10:1 (H20:HCL) chemistry. A Ni adhesion layer (<10 nm) and Au seed layer (100 
nm) were applied as a front side metal seed layer in a Lesker PVD75 thermal 
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evaporator, figure 36b. The first of three levels of contact photolithography were 
completed on a Karl Suss MJB55 Mask Aligner. The first layer was an edge bead step 
to remove the bead of photoresist on the perimeter of the wafer. This insures a uniform 
alignment for later contact lithography steps. The second layer is  a metal mask. This 
mask includes all metal grid fingers and test structures. Two exposures were completed 
in MicroChemical AZ9260 positive tone photoresist using a spin recipe seen in table 6. 
MicroChemical AZ9260 photoresist is a thick resist designed for >6 µm features. A 
vertical sidewall profile is  created, this is  shown in figure 36c. An exposure time of 125 
seconds at 10 mW was used. A 3 minute 30 second development time in Microchem 
CD-26 was used, figure 36d. 
Next electroplating was used to apply front side metal contacts. Wafers were 
electroplated in single wafer batches with a backside polymer film applied in order to 
prevent backside Au deposition, figure 36e. Two platinum electrodes are placed in a 
solution of dissolved Au salts (Neutronex 309 made by Enthone located in West Haven 
CT). One electrode is connected to the PV sample where the seed layer and mold have 
been applied. The counter electrode is suspended in the solution. A current is applied to 
the electrode suspended; the Au is attracted to the seed layer. The electroplating 
solution was heated to a temperature of 45 °C with magnetic spin bar set to 150 rpm. A 
current density of 5 mA/cm2 (19.5 mA current for mask shown in figure 35 for 25 
minutes) was applied for each wafer for a target Au thickness of 6 µm. The 
electroplating solution pH is held constant at 8.5. The current density and pH of the 
electroplating solutions were optimized by a previous graduate student using designed 
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experiments [36]. These conditions  were chosen as optimal for concentration devices at 
500 suns. The electroplating set up can be seen in figure 37.
 
Figure 36- The electroplating process applied in these experiments
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Figure 37- The electroplating experimental set up A.) Complete electroplating set with current 
supply and hot plate with electroplating solutions. B.) Close up of the electroplating solution with 
wafer being plated. 
After plating, photoresist and backside film is removed using AZ Kwik Strip 
heated to 70 C. The wafers are submerged in AZ Kwik Strip for 20 minutes followed by 
a 10 minute descum bath of clean AZ Kwik Strip, figure 36f. Next the Ni/Au seed layer 
was removed using cyanide heated to 75 C with agitation followed by Transene Ni etch 
heated to 50 C, figure 36g. Figure 38 shows a wafer before and after seed layer etch.
Figure 38- Example photos of a.) wafer before seed layer etch and b.) after seed layer etch
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Cyanide based chemistries  are extremely dangerous therefore more difficult to 
use. They are dangerous because if cyanide is  mixed with an acid a toxic fume is 
produced which can kill a human in 5 seconds. In order to prevent accidents the 
chemistry is kept in a separate chemistry hood and clean glass wear dedicated to this 
process is  applied. Also, dedicated chemistry gear and anything else entering the hood 
must be kept separate from everything else in the lab. 
Ge 250 Å, Au 500 Å, Ni 350 Å, and Au 10000 Å backside ohmic contacts  were 
applied in a Lesker PVD75 thermal evaporator. This is  completed for the same reasons 
as described in the evaporation process. Finally a backside and front side anneal was 
performed at 410 C in a tube furnace. The anneal recipe used a soak at the rim of the 
tube for 50 seconds, push into the center of the tube for 10 seconds, soak in the tube 
for 4 minutes, pull out of the tube for 10 seconds and rim soak for 50 seconds, this was 
completed for the same reasons as  described in the evaporation process. Device 
isolation, contact etch and backside metallization was completed following same steps 
outlined in the evaporation process and can be seen in figures 33 and 34. 
In addition to device fabrication, test structures were created to evaluate metal 
adhesion. This  was completed using GaAs substrates with no epitaxial layers grown. 
Each sample was  soaked in acetone and IPA for 2 minutes each to clean the surface 
from organic contamination. Next an oxide removal was  completed using H2O:HCL 
(10:1) for 1 minute. This was completed with little time between oxide removal and 
loading the vacuum chamber for metal deposition. Metal seed layer was deposited at a 
minimum base pressure of  5.0x10-7 torr. Metal conditions can be seen in table 7. 
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Sample Seed Layer Metal Thickness (nm)
1 Ni/Au 7/100
2 Ni/Au 12/100
3 Ti/Au 7/100
4 Ti/Au 12/100
Table 7- Metal adhesion conditions applied to optimize the electroplating seed layer etch 
process
A tape test was completed in order to evaluate adhesion of the seed layer. The 
tape test was completed using scotch tape with approximately the same pressure 
applied to each. Only samples passing the tape test were processed further. Passing 
the tape test means no metal was lifted off. Next second level lithography steps were 
completed using the same method described previously on device structures. Metal grid 
lines were deposited using the electroplating process described previous. Photoresist 
was removed and a second tape test was applied, only samples passing the tape test 
were processed further. The wafers were split into 4 pieces in order evaluate different 
etching conditions. Figure 39 shows the conditions applied to each piece.
Figure 39- Anneal and etch conditions for metal adhesion experiments
Portions of the wafer receiving annealing were annealed at 407 C for 6 minutes; 
this  process was described in detail previously. Portions of the wafer receiving fresh 
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chemistry had the cyanide seed layer etch chemistry mixed fresh directly before use. 
Portions of the wafer receiving the old etch chemistry had the cyanide seed layer etch 
which had been covered and used previous. This is  the standard condition previously 
used in standard processing. The old and new chemistry was applied in order to 
determine if the cyanide etch had more lateral etching when exposed to oxygen. The 
anneal was completed in order to determine if the heat could improve the interface 
between Au metal layers. The seed layer etch was preformed with the conditions 
designated in figure 36. A third tape test was applied with the same process described 
previous. 
3.4 Electroplating and Metal Adhesion Results
 Scanning electron beam microscope (SEM) micrographs of metal lines, shown in 
figure 40, shows that lines have poor adhesion, yet metal is not fully delaminating. 
These images were taken on a Dice Leo SEM. The distance between line a and line b 
(in figure 40) are different which means the metal is  delaminated from the surface. 
Large features such as bus bars and test structures did not show the same adhesion 
issues. In order to better understand this problem cross section SEMs were completed. 
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Figure 40- SEM image of metal adhesion on electroplated samples
 SEM cross-sections shown in figure 41 indicate that metal lines are not 
delaminating clean from the substrate. This figure has haze where metal lines should be 
adhering (shown inside the pink boxes in figure 41). This  indicates that the metal 
adhesion problem is either between the evaporated seed layer and electroplated bulk 
metal. Due to the adhesion being feature size dependent, it is most likely chemistry or 
stress related. Possible causes include stress in the metal adhesion layer or lateral 
etching during seed layer etch. In order to determine if the seed layer etch or seed layer 
metal stress  is causing metal delaminating a tape test (explained previous) experiment 
was executed. 
Figure 41- SEM cross-section showing metal remaining after delaminating
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Table 8 shows the results of the tape test experiment. The red boxes in table 8 
display where the tape was applied. During tape test 1 and 2 all samples passed. In the 
10 nm Ti and 100 nm Au sample, one grid finger was lifted with the tape. This sample 
was still processed due to the small amount of metal delaminating. This results 
indicates the problem is  not likely being caused by stress, if stress were present in the 
film it is unlikely it would begin to pose a problem only after the seed layer etch. Figure 
42 shows each of the tape test 3 samples at a higher magnification.
Table 8- Adhesion experiment after each process step
In the first condition (no anneal fresh chemistry seen in figure 42) all cases  failed. 
Metal delaminating was observed with each condition after tape was applied.
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Figure 42- Tape test after seed layer etch no anneal fresh chemistry
During seed layer etch samples  with Ni (figure 42a and 42b) changed color. The 
Au appeared more orange rather than yellow as seen in the other condition (figure 42a). 
The Ti sample (figure 42c) also had edge bead adhesion problems in addition to grid 
metal adhesion problems. This indicates that the Ni is a better adhesion material due to 
the edge bead metal not being affected by the tape test. In all cases  the seed layer was 
not completely removed which indicates a non-uniformity in seed layer etch or in metal 
deposition. 
Next the condition (no anneal and etched with the old chemistry, chemistry not 
mixed fresh for this  experiment) was compared. This can be seen in figure 43. Again the 
seed layer was not completely removed in any of the samples. This can be seen by Au 
residue present most clearly on the edges of the sample. This problem was 
exaggerated on the Ni samples (figure 43a and 43b). The Ti sample (figure 43c) had 
only a few grid fingers lift off, but again had part of the edge bead lift off. Etch times 
were much faster than annealed samples shown in figure 42. 
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Figure 43- Tape test after seed layer etch no anneal old chemistry
Next the annealed samples with fresh chemistry can be compared. Two of the 
samples passed tape test, both the 7 nm Ni and 10 nm Ti (figure 44a and 44c). This can 
be seen in figure 44. 
Figure 44- Tape test after seed layer etch anneal fresh chemistry
No grid fingers were left on 10 nm Ni sample (figure 44b), yet electroplated bus 
bars are still present, this indicates severe lateral etching. Etching in the downward 
62
direction was slower than 3.3 nm per minute and lateral etching was faster than 0.1 µm 
per minute. The edge bead on 7 nm Ni sample (figure 44a) had clear pits forming. 
Figure 45- Tape test after seed layer etch anneal old chemistry
 Finally the annealed sample etched with the old chemistry was compared. This 
can be seen in figure 45. The seed layer was not removed completely on any sample. 
The Ti sample (figure 45c) appears to have spots of Au left. All samples passed the tape 
test but longer etch times should be applied because it was clear that seed layer was 
still present. 
The Ti samples appeared to have the best adhesion, although the seed layer 
was difficult to completely removed in subsequent processing. It was clear that 
annealing the samples changed metal etch properties and extended the etch times, but 
did not help with metal adhesion. 
Due to the severe delaminating in the 12 nm Ni with 100 nm Au etched with the 
old etch chemistry without an anneal (shown in figure 43b previously) this sample was 
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chosen for SEM testing. Figure 46a shows a location on the sample with good metal 
adhesion. Figure 46b-d show an area with poor adhesion.
Figure 46- 12 nm Ni with 100 nm Au etched with the old etch chemistry without anneal  a) good 
area with optimal metal adhesion, b) macroscopic image of the poor metal adhesion sample c.) 
SEM image of the red area in image b showing poor metal adhesion d.) closer SEM image of 
the poor metal adhesion highlighted in red in image c.
The red boxes in figure 46b and figure 46c shows the location of the magnified 
image. The red arrows on figure 46d show where the edge of the metal line should be. 
This  indicates that the metal is delaminating between the electroplated and evaporated 
Au. This could be caused by lateral etch rate difference between the two metals 
(evaporation verses electroplated). 
Due to the non-uniformities  in etch rate between runs and the complexity with 
heating the chemistry, a second seed layer etch was evaluated. As mentioned 
previously the cyanide chemistry is very dangerous due to the toxicity if mixed with acid. 
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The chemistry must be heated to 75 C with agitation. The chemistry changes with 
oxygen incorporation, therefore the etch rate was affected. A second seed layer etch of 
potassium iodide (KI2.) was applied. This can be used at room temperature without 
agitation. The KI2 also does not need to be kept separated from other chemistries. 
However, KI2 is a known to etch both GaAs and Au. The GaAs etch rate and the Au etch 
rate needed to be evaluated. Table 9 shows various Au etch samples (with 
approximately 90 nm of Au applied) and how much material was etched for each etch 
time. The sample etched for 10 seconds  and 120 seconds have approximately the 
same etch depth, this is due to the Au seed layer being completely etched away. The Au 
etch rate is very fast, 7 nm/second, after less than 5 seconds the Au seed layer would 
be cleared. With the old chemistry the seed layer removal took between 5 minutes and 
10 minutes to fully clear the Au seed layer depending on the cyanide chemistries age 
and exposure to oxygen. This work proves the KI2 etchant is  a good candidate for seed 
layer removal if lateral etching does not delaminate the metal line and if the underlying 
GaAs material is not damaged. 
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 Table 9– Etch rate evaluation of Au on GaAs in KI2
Next the GaAs etch rate in KI2 was  evaluated these results  are shown in table 
10. It is clear that the GaAs is  being removed during the etch, yet the etch rate is very 
slow, ~0.11 nm/second. In order to completely remove the GaAs layer an over etch of 
more than 200% (during seed layer removal) would have to be applied. The GaAs layer 
will be removed in later processing steps, because of the slow etch rate in KI2 this 
should not be a problem.
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Table 10-  Etch rate evaluation of GaAs in KI2
From this experiment it was  clear that the KI2 would be easier to work with 
compared to the cyanide etch. As well as it is much safer to use. It was  also clear that 
the etch rate in GaAs was not fast enough to affect device performance. SEM images in 
figure 47 shows that the GaAs surface is roughened by the chemistry, this should not be 
a problem because this GaAs will be removed in later processing steps. This image (in 
figure 47) was taken on the 120 second etch time sample with a step height of 17 nm. 
The KI2 etch is  a good candidate because the etch rate is very fast, it can be completed 
at room temperature and it is less dangerous. The undercut needs to be evaluated next. 
This was completed using the same tape test techniques mentioned previously.
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Figure 47- SEM image of GaAs surface roughness with 120 second of etch.
A tape test to evaluate adhesion was completed. Figure 48 shows three samples 
(etch times of 10 seconds, 30 seconds, and 50 seconds) completed with the KI2 etch. 
This image shows that in each of three etch conditions the seed layer was cleared. 
Figure 48- KI2 etch evaluation
Tape test results are shown in figure 49. Although each sample had a few 
missing metal fingers (after tape testing) this was a great improvement over the 
delaminating occurring in the previous etch chemistry. The tape test is a fairly harsh test 
of adhesion, the fact that only few fingers were removed indicated that KI2 etch gives 
improved adhesion due to reduction of lateral undercutting.
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Figure 49- Tape test results for KI2 chemistry
3.5 Electroplating and Metal Adhesion Conclusions
 In order to reduced series resistance, thick metal grids were employed. This 
creates a more expensive fabrication process due to metal deposition costs. 
Electroplating fabrication techniques were implemented to reduce device costs. 
Improvements to the metal adhesion within the electroplating process were evaluated 
and determined to be caused by lateral etching between electroplated and evaporated 
Au interfaces during seed layer etching. Poor metal adhesion during seed layer etch 
was improved by switching from a cyanide based etchant to a potassium iodide based 
etchant.  The cyanide based etchant needed to be heated and the etch rate was 
affected by exposure to oxygen. It can also produces a highly toxic fume if exposed to 
acids which makes it less safe as  compared to the potassium iodine based etchant. The 
potassium iodine etchant produced a more uniform etch at room temperature. The etch 
time was also significantly shorter and did not affect the underlying GaAs film. 
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Chapter 4
 Concentrator Photovoltaics
4.1 Introduction to Concentration Testing
In concentrator systems the PV efficiency determines the area required for the 
PV device. This  in turn will determine the overall cost of the system. It is critical for the 
cell to be as efficient at possible. Concentration devices will increase in efficiency with 
increasing concentration, this is due to the short circuit current increasing linearly with 
increasing concentration and the open circuit voltage increasing logarithmically.
Using the optimized electroplating process discussed in chapter 3, GaAs single 
junction concentration devices were created, both with and without QD in the intrinsic 
region. The devices were fabricated using KI2 as a seed layer etchant to promote grid 
metal adhesion. The devices were grown with 10 layers of QDs in the intrinsic region of 
the device. A substrate misorientation of 2° and 6° was used. This  work was used to 
evaluate the electroplating process effectiveness in reducing the series resistance as 
well as evaluate if the use of QD in 2° and 6° misoriented substrates will increase 
device efficiency as shown in 1-sun devices discuses in chapter 2. 
4.2 Concentration Experimental Setup
One-sun PV testing was completed using a TS Space Systems dual source solar 
simulator under AM1.5 illumination, which can be seen in figure 50. AM1.5 solar 
spectrum is the spectrum of light seen by PV cells on earth rather than AM0 spectrum 
seen by PV cells in space. The 1.5 means that the measurement is at 1000 Wm-2 and 
the temperature is 25 C. This is the accepted standard for all solar cell testing on earth. 
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Figure 50- AM1.5 solar spectrum
The system is made up of two lamps; a hydrargyrum medium-arc iodide (HMI) 
lamp and quartz tungsten halogen (QTH) lamp. The HMI operates using mercury 
vapour mixed with metal halides in a quartz-glass envelope. It has two tungsten 
electrodes of medium arc separation. The HMI lamp is used to simulate the 
wavelengths in the range of the visible wavelengths.  The QTH lamp is  used to simulate 
the visible and near infrared regions of the spectrum.  
The samples  were measured sourcing a voltage between -1.5 V to 1.5 V and 
measuring the current response with an Agilent B1500 Semiconductor Device Analyzer. 
Four probes were applied with two probes sourcing current and two probes sensing the 
voltage response. The samples were held at 25 C using a water-cooled chuck. The 
solar simulator was calibrated using GaAs and InGaP PV cells measured at the 
National Renewable Energy Laboratories under AM1.5 conditions. 
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 Figure 51 shows the expected result of PV devices under concentration. A linear 
relationship is observed when concentration is  increased. Equations 8 and 9 show the 
behavior of Jsc and Voc under concentration conditions where X is  the concentration, Jsc 
is  the short circuit current, Voc is the open circuit voltage, kb is the Boltzman constant, n 
is the ideality factor, T is temperature, q is charge, and J0 is the light current density. 
Figure 51- Example of IV curves with various concentrations.
         Equation 8
         Equation 9
Device testing under concentration was performed at NASA Glenn Research 
Center using a Large Area Pulse Solar Simulator (LAPSS). The systems has  a xenon 
flash lamp at one side of the room. Across the ceiling there is a track with 
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measurements as  to the distance from the light source. At the opposite side of the room 
a chuck is  mounted vertically facing the light source. The room is  painted black to 
ensure no stray light interferes with the measurements. Samples are mounted and the 
cells are calibrated to 1-sun at the maximum distance from the lamp, as the sample is 
moved closer to the lamp the concentration of light increases.  The concentration is 
calculated using a view factor calculation. This is the portion of total radiated power from 
the lamp on the incident surface of the sample at some given distance. The system is 
set up to calculate the view factor as if the lamp was a line source with a finite length 
and an assumption that the light is uniform across  the sample is  made [62]. Figure 52 
shows a schematic representation of the LAPSS simulator. Equation 10 was used to 
calculate the view factor, where A is the area of the solar cell, A’ is the area of the arc 
lamp, s is  the distance between a point on the source and a point on the solar cell, and 
φ is the respective angle between s off the source and the solar cell. 
        Equation 10
Samples were measured sourcing a voltage between 0 V and 2 V and measuring 
the current response with the LAPSS data acquisition system. Four probes  were applied 
with two probes sourcing current and two probes sensing the voltage response. The JV 
curve is taken when the LAPSS flashes and internal timing circuits ensure the JV curves 
are taken during the stable region of the light pulse. The samples  were held at 25 C 
using a water-cooled chuck. 
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Figure 52- Schematic representation of the LAPSS simulator located at the NASA Glenn 
Research Center
4.3 Concentrations Devices
 Devices were grown at the NASA Glenn Research Center in an OMVPE 
system. The baseline wafer was grown with a 0.20 µm p-type GaAs contact layer with 
1.6x1020 doped with CCl4. The back and front surface windows were grown with 0.05 
µm of InGaP.  The emitter layer was 0.5 µm of p-type GaAs doped 1.2x1018 using 
DEZn. The i-region of the baseline devices was 0.1 µm width while the QD samples  had 
an i-region width of 3 µm n-type with 1x1017 Si doping. The QD samples were grown on 
2° and 6° GaAs misoriented substrates. Sample structure was similar to the baseline, 
however 10 layers of InAs QDs were grown in the intrinsic region of the devices. The 
growth methods  of QDs was applied as previously described. The devices were 
optimized for a concentration application of 400 to 500 suns. The devices were 
fabricated with the same techniques described in chapter 3 in the electroplating section. 
Using the new seed layer etch (KI2), QD solar cells  grown on both 2° and 6° mis-
oriented substrates  were selected for concentration testing. The device design shown 
previous in chapter 2 were also used for these samples. The 6° sample was grown with 
10 periods  of QDs with 1.80 ML InAs coverage. The 2° sample was also grown with 10 
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periods of QDs with 2.10 ML InAs coverage. The baseline sample was grown on a 2° 
misoriented substrate, yet had no QDs. The 2° and 6° baseline have previously shown 
equivalent performance. Cells were fabricated into 0.25 cm2 devices  with a 20% grid 
shadowing, specifically designed for concentration measurement. No anti-reflection 
coatings were used. The electroplating solution was heated to a temperature of 45 °C 
with magnetic spin bar set to 150 rpm. A current density of 5 mA/cm2 was applied for 
each wafer for a target Au thickness of 6 µm. The electroplating solution pH is  held at 
8.5. The desired resistance of the Au was 2.44 x10-8 Ω-m. Figure 53 shows the L-Edit 
design of the photo mask used for these experiments cell 33 was the cell measured in 
these experiments.
Figure 53- L-Edit design of the mask set used for electroplated samples optimized for 
concentration
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4.4 Concentration Results
Figure 54 shows AM1.5 IV results  at one sun. This result was measured on the 
TS space system duel source solar simulated, this configuration was described 
previously. Both the 2° and 6° samples had a higher Jsc as compared to the baseline 
sample. In order to evaluate the metal performance contact resistance, specific contact 
resistance, and sheet resistance were measured on four locations on each wafer using 
a TLM method. These data can be seen in tables 11-13. Specific contact resistance, in 
table 12, shows little cross wafer variation (the baseline sample had a standard 
deviation of 3.6x10-4, the 2° sample had a standard deviation of 2.26x10-5 while the 6° 
sample had a standard deviation of 1.7x10-5). The samples were measured in the 
5.5x10-5 Ω-cm2 range this  agrees with the designed values calculated Harris  et al [36]. 
which was the expected value. Table 13 shows the sheet resistance which also shows 
little cross wafer variability. A sheet resistance value around 500 Ω/☐ is considered a 
normal value. This is a typically measured value and is consistent with the layers 
included in the design and the doping. These samples did not show elevated sheet 
resistance.  Table 11 is showing the contact resistance, which again does  not show 
cross wafer variability. These contact resistance values are slightly higher than a 
standard wafer. The expected contact resistance value is around 5 Ω. This is a 
measurement of how ohmic the semiconductor to metal interface is. Cross  wafer 
variability within any of these results would have indicated a problem in the 
electroplating process. This is not the case. 
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J (m
A/
cm
2)
V (Volts)
Figure 54- 1-sun AM1.5 results of electroplated samples
Wafer Right Flat (Ω) Left Flat (Ω) Right Anti-Flat (Ω) Left Anti-Flat (Ω)
Baseline 12.20 2.80 5.33
6° 2.15 3.08 3.27 3.93
2° 4.19 2.80 1.65 4.48
Table 11- contact resistance of electroplated study
Wafer Right Flat      (Ω-
cm2)
Left Flat        (Ω-
cm2)
Right Anti-Flat 
(Ω-cm2)
Left Anti-Flat (Ω-
cm2)
Baseline 80.10x10-5 3.77x10-5 2.64x10-5 14.7x10-5
6° 4.06x10-5 1.84x10-5 3.40x10-5 6.00x10-5
2° 6.62x10-5 2.87x10-5 8.24x10-5 6.42x10-5
Table 12- Specific Contact resistance
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Wafer Right Flat      (Ω/
☐)
Left Flat        (Ω/☐) Right Anti-Flat 
(Ω/☐)
Left Anti-Flat (Ω/
☐)
Baseline 520.76 464.87 483.28 1026.78
6° 627.65 587.33 644.52 788.74
2° 662.38 686.38 828.31 781.87
Table 13- Sheet Resistance
Figure 55 shows Isc as a function of the concentration of sunlight using the 
LAPSS simulator. This measurement should theoretically track linearly with the 
concentration [63]. This is because electron-hole pair generation and collection are 
linearly dependent on incident light intensity. Looking at the slopes of these three 
samples it is  clear that the 2° QD sample is  producing more current. This  can be seen 
more clearly in figure 56. Figure 56 shows the normalized current verses concentration. 
In this  plot it is clear that the 2° QD sample out performed both the 6° QD and baseline 
sample. The 2° and the 6° out perform the baseline sample by 3.5% at high 
concentration. 
Figure 55- LAPSS concentration measurement of current verses suns
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Figure 56- LAPSS concentration measurement of voltage verses suns
Figure 57 shows concentration verses Voc. This plot follows equation 11 below. 
From figure 54 it is  clear that the baselines sample had higher Voc than the QD samples, 
although this was consistent with one sun operation. Investigation of material properties 
by Bailey et al. [47] show this is  due to degradation of emitter properties. The baseline 
and 2° QD sample have an intercept of 1.00 while the 6° QD sample has an intercept of 
0.99. The intercept data should correspond to the Voc seen previously in figure 57. This 
is  true since the Voc observed in figure 57 was approximately 1.00 V for each sample. 
All of the data measured was not fit, this is because the data has more error at higher 
suns due to the sample entering the lamp housing. Data used for these calculations are 
shown in figure 57. Using this  data and equation 11 the n (ideality factor) can be 
calculated. The baseline sample had an ideality factor of 1.35. The 6° sample had an 
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ideality factor of 1.08. The 2° sample had an ideality factor of 1.12. An ideality factor 
near 1 means the device is operating in the quasi-neutral region dominated by 
recombination. An ideality nears 2 means the device is  operating in the depletion region. 
In this case the 2° and 6° samples are operating closer to the quasi-natural regions 
while the baseline is operating closer to the depletion region.
       Equation 11
Figure 57- Concentration verses Voc
 Figure 58 shows the fill factor verses concentration. Fill factor will increase with 
increasing concentration until the internal series resistance begins to dominate the 
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overall power loss in the cell [63]. This is shown in equation 12 where FF0 is the ideal 
FF without parasitic resistance and rs is the series  resistance. The fill factor in both the 
6° and 2° case did not peak higher than 100 suns, this indicates higher series 
resistance than expected within the QD devices. The baseline sample peaks around 
400 suns. The samples were designed to peak between 400- 500 suns. 
        Equation 12
Figure 58- LAPSS concentration measurement of fill factor verses suns
Figure 59 shows the efficiency verses concentration data. Again the data shows 
the baseline peaking significantly higher than the QD samples. The baseline sample 
peaked over 500 suns, which is close to the designed efficiency peak. QD samples 
peak between 100 and 200 suns. The QD samples peaking so much earlier than the 
baseline sample show a possible series resistance difference. 
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 Figure 59- Efficiency verses concentration
Comparing the cell results under concentration to the previously shown resistivity 
value in table 12, the specific contact resistance is  approximately the same between the 
baseline and both misorientations. The sheet resistance in each case (shown in table 
13) also has values in a tolerable range in all cases. It is unlikely that the processing is 
causing this difference between baseline and QD samples. In order to be sure the 
electroplating process was not the cause the metal resistivity was measured using 
equation 13 with variables shown in figure 60. 
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           Equation 13
Figure 60- Definition of variables in equation 8
Evaluation of the metal lead to the results  shown in figure 61, the baseline wafer 
had Au resistivity of 5.4x10-7 Ω-m while the 6° sample had 1.1x10-7 Ω-m and 2° had 
9.4x10-8 Ω-m.  This means there is slightly more resistivity present in the misorented 
wafers; typical Au resistivity is  around 0.35x10-10 Ω-m. The Au resistivity can change 
with the electroplating system. The electroplating set up plates one wafer at a time. This 
means each wafer can have slightly different Au conditions. Also, there could be a 
difference in how the plating works with different substrate growth conditions. This is 
something that has not been studied.
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 Figure 61- Au resistivity calculated using a four point probe method
This  results  shows that the metal material quality was not the main cause of 
degraded cell performance. The internal series resistance was the next thing that 
needed to be evaluated. Using the methods outlined in [64] the internal series 
resistance was determined. Equation 14 was applied with these techniques to 
determine the values in table 14. Figure 62 shows the results  of this  evaluation method. 
The slope of these curves  indicates the internal series  resistance. The data used to fit 
were the values around Voc.
       
Equation 14
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 Figure 62- Internal series resistance
Table 14- Internal series resistance
It is clear from this data that a reduced internal series resistance enhances the 
baseline performance because the internal series resistance is much lower. This could 
85
either be caused by emitter doping variations. In addition, the QD layers  may degrade 
the emitter majority carrier mobility and increase the resistance.  The exact origin of this 
effect will need to be evaluated in future work.
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Chapter 5
Conclusions and Future Work
5.1 Substrate Misorientation Conclusions 
The current work has shown that the QD critical thickness within a system will 
change with substrate misorentation. The terrace network on misorented substrate can 
provide lower energy nucleation sites causing the critical thickness to change (1.68 ML 
in the 2° substrate and 1.80 ML in the 6° substrate). In the 6° samples  the critical 
thickness was higher than in the 2° samples (1.80 ML versus 1.68 ML respectively). 
This  leads to the optimal ML coverage for devices to be different between the two 
substrates. The optimal coverage for the 2° sample is 1.80 ML while the 6° samples is 
2.10 ML. Substrate misorentation also shows that smaller more uniform QD can be 
created with increasing misorentation. Experimentally determining the critical thickness 
with each substrate misorientation can be advantageous in increasing device 
performance and further enhances current collection in the inferred region. The 2° or 6° 
substrates can be used as long as the differences in critical thickness during growth are 
taken into account. The device results in this work show that the 6° sample had an 
increase in Isc as compare to both the baseline and 2° samples. This increase was seen 
in the sub-bandgap response of 0.02 mA/cm2 per QD layer.
5.2 Metal Adhesion Conclusions
  The evaporated Au to electroplated Au interface was affected by lateral etching 
during seed layer removal etch. Poor metal adhesion during seed layer etch was 
improved by switching from a cyanide based etchant to a potassium iodide based 
etchant.  The cyanide based etchant needed to be heated and was affected by 
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exposure to oxygen. It is  also produces a highly toxic fume if exposed to acids  which 
makes it much less safe as compared to the potassium iodine based etchant. The 
potassium iodine etchant produced a more uniform etch at room temperature. The etch 
time was also significantly shorter and did not affect the underlying GaAs film. This 
improved etch was implemented in future experiments. 
5.3 Concentration Conclusions
 Using the electroplating process optimized during this work samples were 
created for concentration measurements. The samples were measured at NASA Glenn 
research center on their LAPSS tool. The baseline sample preformed well with a peak 
efficiency near 400 suns. QD samples peaked between 100 and 200 suns. Metal quality 
was evaluated and the electroplating process was not the cause of the poor 
performance in the QD sample. 
Using the techniques explained in [64] the internal series  resistance was 
determined to be the cause. The baseline sample had series resistance significantly 
lower than the QD samples. This indicates the high series resistance was caused either 
by variation in doping or by QDs during growth effecting the emitter. 
5.4 Future Work
  QD misorentation needs to be evaluated at a wider range of misorentation. 
Highly misorentated substrates are commonly used in space PV and optoelectronics 
industries. Using higher misorentation would also show if using the terrance network for 
QD will continue provide more order to QD formation or if the trend will drop off if the 
misorinetaiton becomes too high. 
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Metal delamination future work could include analysis of materials left with 
delaminating with Energy-dispersive X-ray spectroscopy (EDX). Cross-section SEM 
analysis could give more information into lateral etching under metal lines.
A study of doping within growth needs to be completed in order to determine if 
QD samples peaked early due to doping conditions or due to emitter material 
properteis. Optimization of growth in QD samples  may allow QD samples to out perform 
baseline samples as has been previously shown by Hubbard et al [65].
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